This prospective and controlled pilot study evaluates the longterm effects of nocturnal oxygen therapy (NOT) on exercise endurance, hematology variables, quality of life, and survival of 23 adult patients (mean age, 32 Ϯ 6 yr) with post-tricuspid congenital heart defects (ventricular septal defect ϭ 10; patent ductus arteriosus ϭ 13) and Eisenmenger Syndrome. All had pulmonary hypertension (mean pulmonary artery pressure ϭ 88 Ϯ 20 mm Hg), severe hypoxemia (Pa O 2 ϭ 44 Ϯ 5 mm Hg), and secondary erythrocytosis (hematocrit ϭ 61.5 Ϯ 7%). Exercise endurance (6-min walk test ϭ 380 Ϯ 88 m) was limited. In a random fashion, NOT was given to one group of patients (n ϭ 12) but withheld from a comparable control group (n ϭ 11). At 2 yr of close follow-up, two patients in the group of control patients, and three in the treatment group died. Mean survival estimates were similar in both groups (20.7 versus 20.8 mo; chi-square log-rank, 0.08; p ϭ NS). Likewise, none of the hematology, exercise capacity, and quality of life variables examined showed statistically significant changes that were dependent on treatment regimen. We conclude that NOT does not modify the natural history of patients with advanced Eisenmenger Syndrome.
The physiologic concept of Eisenmenger Syndrome (ES) was introduced by Paul Wood (1) in 1958 to refer to the presence of pulmonary hypertension at systemic level caused by a high pulmonary vascular resistance (PVR) with reversed or bidirectional shunts at aortopulmonary, ventricular, or atrial level. The same year, Heath and Edwards (2) established the pathology basis of hypertensive pulmonary vascular disease emphasizing the central role of obstruction in the pulmonary bed as the main underlying factor for the increased PVR in congenital heart defects (CHD).
Once fully developed, the presence of ES renders the underlying defect inoperable, limits the functional capacity of the patients, and establishes a poor survival prognosis (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Except for the limited option of Heart-Lung transplantation or single-lung transplantation with repair of intracardiac defects (11, 12) , the current management of adult patients with CHD and ES is rather disappointing. There is no consensus regarding the use of therapeutic interventions such as anticoagulants or vasodilators (3) (4) (5) 7) . In most cases, nonsurgical therapy is symptomatic or directed at avoiding or ameliorating complications associated with hypoxia, congestive heart failure, infection, and hematologic abnormalities (3-5, 7, 9, 10) .
Although there is evidence of the deleterious effect of a low arterial oxygen saturation on survival in ES (6) and recognition exists regarding the detrimental effects of exposure to hypoxic environments (altitude, aircraft traveling), the potential usefulness of interventions such as long-term oxygen therapy in the setting of ES has not been fully evaluated, perhaps as a result of the fact that long-term oxygen administration is an expensive form of treatment and also because reasonable doubts exist regarding its efficacy given the existence of a right-to-left shunt as the mechanism of hypoxemia in these patients.
It is true that right-to-left shunt is the main mechanism of hypoxemia in these patients; however, we have recently shown (13) that the simple fact of going from sitting to supine position may exert a detrimental effect on the oxygenation variables of patients with ES, and we also demonstrated that this deleterious effect was acutely relieved by oxygen administration through nasal prongs. Furthermore, in an interesting and challenging study by Bowyer and colleagues (14) , the longterm administration of oxygen to children with pulmonary vascular disease (mostly nocturnal administration) resulted in a dramatic difference in the 5-yr survival of these children as compared with those who did not receive this form of therapy. Altogether, these two studies would suggest that correction of worsening nocturnal hypoxemia associated with supine position might influence the course of the pulmonary vascular remodeling and pulmonary hypertension as well as the systemic response to hypoxia that are characteristic of this disease.
On the basis of this rationale, and with the hypothesis that nocturnal oxygen therapy (NOT) would improve functional status, quality of life (QOL), and survival, we performed a prospective pilot study in which NOT was given to one group of patients but withheld from a similar control group with Eisenmenger Syndrome. By considering other trials of oxygen treatment in patients with chronic obstructive pulmonary disease (COPD) (15, 16) , we expected that treatment for a minimum of 2 yr would be necessary to show a beneficial effect. For this reason, the design of the trial was based on two parallel groups without crossover or placebo.
METHODS

Patients
The study series comprised 23 patients in whom pulmonary arterial hypertension (PAH) associated with CHD and ES was diagnosed at our institution between May 1996 and November 1997 and who were followed through November 1999. In most of these patients the diagnosis had been established previously and they had been followed at our outpatient clinic of adult patients with CHD.
Entry and exclusion criteria are shown in Table 1 . Patients considered for the trial were all adults 20 to 50 yr of age with CHD and PAH because of pulmonary vascular disease severe enough to preclude surgery. Anatomic diagnoses, as documented by right heart catheterization and/or echocardiography, were restricted to only post-tricuspid shunts, namely, ventricular septal defect (VSD) and patent ductus arteriosus (PDA). Evidence of predominant right-to-left shunt, as as-sessed by the echocardiography findings, and also the existence of hypoxemia and secondary erythrocytosis, were part of the ES diagnostic criteria.
To be included in the study the patients had to be residents of Mexico City and places nearby (mean altitude; 2,240 m above sea level). They also had to be nonsmokers, defined as those who have never smoked or have smoked less than one cigarette or equivalent a day for as long as 1 yr. To enter the trial, patients had to be in a stable condition as defined by the absence of heart failure and/or respiratory infection in the 4 wk prior to the study.
Patients were excluded if they had any clinical or functional evidence of parenchymal (obstructive/restrictive) lung diseases, or other diseases capable of influencing the course of the disease such as obesity ( Ͼ 20% of ideal weight), and sleep apnea.
Procedures
Baseline studies included a complete history and physical examination, complete blood count, measurements of blood urea nitrogen and creatinine, uric acid and serum electrolytes, twelve-lead electrocardiogram (ECG), chest radiograph, and two-dimensional Doppler echocardiography. Repeat right heart catheterization was not part of the baseline procedures. For hemodynamic assessment we used the variables measured at diagnostic catheterization. Pulmonary vasoreactivity testing with 100% oxygen or with vasodilators was not performed. Lung function was assessed by standard spirometry and arterial blood gas (ABG) analysis. ABG measurements were performed in every patient at rest, first in the sitting and then in the supine position (13) . The exercise endurance of the patients was assessed through a 6-min walk protocol (17) . The patient's quality of life (QOL) was assessed by the administration of the questionnaire described by Guyatt and colleagues (18) that has been translated into Spanish and validated by Mejía-Alfaro and colleagues (19) in a Mexican population of patients with chronic respiratory failure. This QOL measure involves the assessment of four distinct aspects of the usual daily activity: dyspnea (range, 5 to 35), fatigue (range, 4 to 28), emotional (range, 7 to 49), and control (range, 4 to 28). The range of values obtained in each of these components is variable, with lowest values representing the worst condition. The degree of dyspnea during usual daily activities was also independently assessed by using a visual analog scale (VAS) (range, 0 to 10), as described by McGavin and colleagues (20) , which has also been validated in a Mexican population of patients with interstitial lung disease (21) . Finally, we also used a similar VAS (range, 0 to 10) to evaluate the degree of fatigue immediately after the 6-min walk test.
Patients were followed clinically and noninvasively at our outpatient clinic at 4-mo intervals for as long as 2 yr. Clinical status of the patients, exercise endurance, QOL, and hematology variables were all reassessed during these evaluations.
Our institutional ethics and clinical investigation committees approved all procedures. The rationale for oxygen treatment, and the controlled nature of the study were fully explained to the patients, and their consent was obtained. We made clear that the potential benefits of oxygen therapy were unproved. Patients who agreed to participate in the trial were then allocated to the treatment or control group by means of a table of random numbers (22) .
Oxygen Administration
Oxygen treatment was supplied by either oxygen concentrators or large-capacity stationary cylinders installed in the patient's home with outlets to the bedroom. Nasal cannulas were used in all patients. Patients in the treatment group received oxygen for at least 8 h a day, always including the sleeping hours. The dose of oxygen for these patients was determined according to the response to oxygen obtained at baseline either by ABG analysis or by pulse oxymetry at night. The flow of oxygen that better improved arterial oxygen saturation (from 79 Ϯ 6.5 to 88 Ϯ 6.0% in the group as a whole) was employed. A flow rate of 2 to 3 L/min was usually required. All patients in the treatment group were closely followed by one of the investigators (JA) at monthly intervals to assess compliance. In each visit, the adequate performance of the equipment was assessed, and the patient was questioned about the number of hours for which oxygen was used, the frequency of equipment breakdowns, and nights missed because of holidays.
Statistical Analysis
Comparison between treatment and control groups data was made using Student's t test for unpaired data. Comparison between baseline and postintervention data (at 2 yr of follow-up) were made using Student's t test for paired data. Significance was defined as a twotailed p value Ͻ 0.05. Descriptive variables are presented as mean value Ϯ SD.
Mortality data were monitored at regular intervals throughout the trial to detect treatment differences as soon as possible. Survivorship of all patients at the end of follow-up regardless of the extent of their participation was ascertained by individual follow-up observations. For survival analysis we used the date of entry into the trial as an index for determining survival. The Kaplan-Meier method was used to estimate overall survival distribution in the treatment and control groups (23) . Univariate analysis based on the Cox proportional hazards model was used to examine the relation between survival and selected demographic, medical history, pulmonary function, laboratory, and hemodynamic variables measured at baseline (23) .
RESULTS
Demographic Characteristics
All 23 patients with ES were Hispanics with a mean age of 32 Ϯ 6 yr; range, 20 to 43; 17 (74%) were female, six were male. There were 10 patients with VSD and 13 with PDA. As a group, patients with ES entering the trial all had PAH with a mean pulmonary artery pressure ( ) of 88 Ϯ 20 mm Hg, severe hypoxemia (Pa O2 ϭ 44 Ϯ 5 mm Hg) (24) , and secondary erythrocytosis (hemoglobin ϭ 19.4 Ϯ 2.5 g/dL; hematocrit ϭ 61.5 Ϯ 7%) (25) . Exercise endurance, as assessed by a mean 6-min walk test of 380 Ϯ 88 m, was sharply limited. After randomization, 12 patients received oxygen, 11 patients forming the control group.
The demographic, clinical, and functional data of patients with ES at baseline are shown in Table 2 . Patients in the group receiving NOT were comparable to control group in terms of age, residence altitude, , Pa O2 , hematocrit level, functional class, and exercise endurance. Baseline parameters assessing QOL were also similar in both groups. PDA was more frequent in the treated group, whereas VSD was more frequent in the control group.
Compliance with NOT in the group of treatment was very good. All patients used the prescribed regimen of oxygen therapy from 8 to 10 h during sleep. There were no complications associated with the long-term use of nasal oxygen therapy. Ppa Ppa Performance of the equipment to deliver treatment was also adequate.
Treatment other than oxygen included anticoagulants (n ϭ 8), diuretics (n ϭ 6), digoxin (n ϭ 6), angiotensin-converting enzyme inhibitors (n ϭ 5), and aspirin (n ϭ 5), which were almost equally distributed between NOT and control groups. Although therapeutic phlebotomies were discouraged, they were performed in both NOT (two patients), and control (three patients) groups during the trial.
Mortality
The 23 patients were followed for an average of 19.8 mo. Fifteen patients (62.5%) survived the whole period of the trial (24 mo). Three patients (16.6%), one in the NOT group and two in the control group, abandoned the trial or were lost to follow-up at 4, 5, and 7 mo, respectively.
Over the whole period of the trial a total of five patients (21.7%) died, three in the NOT group and two in the control group. Lifetime cumulative survival rates for patients in both groups are shown in Figure 1 . Mortality in both treated and control groups was very similar. Mean survival time for the patients who received NOT was 20.73 mo (range, 9 to 24 mo; 95% confidence interval (CI), 17.48 to 23.97), not statistically different from the 20.77 mo mean survival time for patients in the control group (range, 4 to 24 mo, 95% CI, 16.69 to 24.85); chi-square log-rank, 0.08; p ϭ NS.
Patients who died did so at hospital and the causes of death were recorded as pneumonia and/or pulmonary hemorrhage (n ϭ 3) and stroke (n ϭ 2). No postmortem studies were performed in any of these patients.
Eighteen of the 23 patients either survived (n ϭ 15) or abandoned (n ϭ 3) the trial and, as mentioned, five (21.7%) died. Of all recorded variables at baseline in surviving (mean survival ϭ 21.4 Ϯ 6 mo) and dead (mean survival ϭ 10 Ϯ 4 mo) patients shown in Table 3 , there were significant differences (p Ͻ 0.05), respectively, in baseline Pa O2 (45.8 Ϯ 3.8 versus 38 Ϯ 2.2 mm Hg), and the degree of dyspnea at baseline as assessed by the visual analog scale (VAS) (4.88 Ϯ 1.56 versus 6.2 Ϯ 0.41) between the two groups. The degree of fatigue after the 6-min walk test at baseline, as assessed by the VAS (3.6 Ϯ 2.68 versus 5.8 Ϯ 1.78), and also the mean red cell corpuscular volume ( ) at baseline (84.5 Ϯ 6.9 versus 74.6 Ϯ 8.2 fL) tended to be different between surviving and dead patients and almost reached statistical significance. 
CV
Factors Associated with Mortality
Univariate analysis of the relation between mortality and variables measured at entry into the study are shown in Table 4 . Mortality was not associated with treatment regimen. Baseline sitting Pa O2 (hazard ratio ϭ 0.64) and baseline (hazard ratio ϭ 0.9) both had a protective effect against the risk of death. A baseline sitting Pa O2 Ͻ 40 mm Hg was the most significant predictor of mortality among patients with ES. For illustration, the Kaplan-Meier survival curve for patients with ES according to baseline Pa O2 ( Ͻ 40 and Ͼ 40 mm Hg) is shown in Figure 2 .
CV
Effects of Treatment on Physiologic Variables
The effects of NOT on functional, QOL, hematology, PFT, and other laboratory variables listed in Table 5 were examined by comparing baseline and follow-up data in individual patients who completed the trial. None of the variables examined showed statistically significant changes that were dependent on treatment regimen.
DISCUSSION
To our knowledge, this is the first controlled trial of long-term nocturnal oxygen therapy in adult patients with Eisenmenger Syndrome. Patients included in our study were probably representative of a group of patients with post-tricuspid congenital heart disease and advanced pulmonary vascular disease. The selection criteria ensured that the patients had severe PAH, significant hypoxemia, and secondary erythrocytosis. Patients at this stage, usually have reduced exercise tolerance, a poor quality of life, and a grave outlook in terms of survival (4) (5) (6) (7) (8) (10) (11) (12) .
Patients were randomized successfully. At baseline, there was no significant difference between NOT and control groups with regard to the demographic, functional, and hematology variables listed in Table 2 . The oxygen delivered by nasal prongs was well tolerated. The treatment was acceptable, and compliance of the patients was good, probably as a result of the close follow-up of the patients and also because of the expected benefit from this form of therapy. Therapy other than NOT included the medications usually prescribed in this type of patients (7), it was equally distributed in both groups and, therefore, could not have biased our results.
At 2 yr of follow-up, mortality in the NOT group was not different from that in the control group. Likewise, the rate of change in other hematology (hemoglobin and hematocrit levels) and functional variables appears to be independent of treatment assignment. This somehow disappointing result differs from that obtained in the study of Bowyer and colleagues (14) , the only previously reported experience with long-term oxygen therapy in the setting of CHD. In that study, performed in children with CHD and pulmonary vascular disease, long-term oxygen therapy (mostly nocturnal) resulted in a dramatic 5-yr survival difference between treated and control groups. Important differences between the two studies include a different age and, therefore, a possible different stage of the disease, and also a longer period of follow-up in the study of Bowyer and colleagues. An earlier stage in the children, as compared with our adult population, is suggested by the lower level of baseline (50 versus 88 mm Hg), and also by the still significant hemodynamic response to oxygen breathing in most of the children. Likewise, different from patients in our series, only five of the 21 children had increased levels of hemoglobin and/or hematocrit at baseline suggesting a smaller degree of right-to-left shunt in this pediatric population (14) . It is likely that the potential benefits of oxygen therapy shown at an earlier stage of the disease are lost once pulmonary vascular resistance becomes fixed, as a result of a significant component of structural vascular changes (2, 3, 26) , and a predominant right-to-left shunt ensues. In this regard, it has to be stressed that most patients in our study had a very low Pa O2 at baseline, as a reflection of significant right-to-left shunt, and, although statistically significant, the change in Pa O2 from sitting to supine position (from 44 Ϯ 4.9 to 42.7 Ϯ 5.3 mm Hg; p Ͻ 0.05) was probably of little clinical significance (13) .
We believe that a 2-yr follow-up period was long enough to show any potential difference in terms of quality of life, functional status, hematology variables, and survival between treated and control patients. In the study of Bowyer and colleagues (14) , a clearcut difference in survival was evident from the first year of treatment. Likewise, significant differences in survival appeared after 500 d of long-term oxygen therapy in the setting of chronic obstructive pulmonary disease (COPD) (15, 16) . We could not find a good reason to prolong the trial as we did not observe any significant difference, neither in mortality nor in the rate of change of other important hematology and functional variables between treated and control patients. It appears then that severely afflicted patients with ES such as the ones in our study are unlikely to benefit from this form of long-term NOT. The current existence of relatively new and promising therapeutic strategies in the setting of CHD and ES (26, 27) was another reason not to prolong the trial.
Our results are also different from those obtained in trials using either nocturnal or continuous long-term oxygen therapy in the setting of COPD, in which this form of treatment resulted in a significant improvement in the quality of life and survival of patients afflicted by this disease (15, 16) . Although significant hypoxemia is a marker of both Eisenmenger synPpa drome and advanced COPD, the main pathophysiologic mechanism involved in the genesis of hypoxemia (right-to-left shunt versus abnormal distribution) differs considerably in both diseases. Accordingly, the response to oxygen administration is also quite different in both settings, and this fact alone may explain the different results. Another difference between our study in patients with ES and those in patients with COPD is with regard to the prescribed treatment regimens. Patients in our study received oxygen exclusively during sleep, whereas patients with COPD treated with oxygen in the British (16) and in the North American (15) studies received this form of therapy for at least 13 to 15 h, and the maximum benefit in terms of quality of life and survival was observed with the continuous (24 h) form of treatment. We used only NOT because it is more acceptable to the patients and mainly because we wanted to know if the relief of nocturnal hypoxemia or the hypoxemia associated with supine position (13) could prevent progression of the disease. Patients with ES, however, suffer oxygen disaturation day and night and they are in fact more likely to do so with normal daily activities, particularly those requiring any form of physical activity. A more continuous form of oxygen administration might be required in this severely ill population.
The importance of the degree of hypoxemia at baseline as a predictor of survival in patients with ES is strongly emphasized by the results of the present study. A baseline Pa O2 Ͻ 40 mm Hg in our ES population, regardless the form of treatment, was associated with a higher likelihood of death before 1 yr. The importance of a low Pa O2 as a prognostic marker of poor survival in this population has been emphasized in previous studies (4, 6) . Thus, this simple measurement might be a useful way to identify the precise timing for interventions such as lung or heart-lung transplantation in the Eisenmenger Syndrome population (11, 12) . The true usefulness of this parameter, however, needs to be assessed either prospectively or in studies involving a larger population of patients (7) . Interestingly, baseline was also associated with survival. A higher at baseline had a protective effect against the risk of death. In other words, patients with lower values of as a · V/Q · CV CV CV For definition of abbreviations, see Table 3 .
CV reflection of iron deficiency, either as a result of poor iron intake or repeated phlebotomy, are at a higher risk of death. The deleterious effects of iron deficiency on erythrocyte's intrinsic viscosity and oxygen transport in the ES population have been previously established (5, 28) .
Study Limitations
Besides a relatively small sample size, there are two other limitations in our study. First, a placebo arm (administering "air" to the control group) was not included. Second, only patients with a very advanced disease, living at high altitude, were included in the trial. Therefore, conclusions derived from the present study should be judged in the context of these limits.
CONCLUSIONS
Long-term nocturnal oxygen therapy was not effective in modifying the natural history of a group of patients with posttricuspid CHD and advanced ES studied at an altitude of 2,240 meters over sea level. Our study, however, does not provide a definite answer with regard to the potential benefits of a continuous (24 h a day) form of oxygen therapy, or its effects in a population of patients with a less advanced stage of the disease, or even on the evaluation of this form of therapy in a lower altitude environment.
